Abstract-In this paper, a new systematic technique to design manifold-coupled multiplexers in waveguide technology is proposed. The new technique uses generalized low-order electromagnetic (EM) distributed models, which constitute a half-way point between the fast, but imprecise, analytical models, and the more accurate, but costly, full-wave EM models. The method can be applied to contiguous and noncontiguous channel multiplexers, in both -plane or -plane configurations. This paper covers the complete design procedure for manifold multiplexers, starting from the required specifications and finishing with the physical dimensions. After explaining the general design technique for multiplexers with channel filters based on transmission-line resonators, the method is specialized for the design of classic multiplexers with circular-waveguide dual-mode filters. As a further application example, the same methodology is also used for the design of a nonconventional tuningless wideband multiplexer with a new type of rectangular waveguide filters. This paper is concluded with a comparison between simulation and measurements for the wideband multiplexer. Excellent agreement between measurements and simulations are demonstrated, thereby validating the complete design procedure.
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Digital Object Identifier 10.1109/TMTT.2015.2442990 [1] , [2] . They are typically composed of a certain number of filters connected together to form a complex structure. Microwave multiplexers find wide application in communication systems, such as telecommunication satellites or wireless base stations [1] , [3] , [4] . In communication satellites, input multiplexers are typically employed to split the signal that reaches the satellite so that each channel can be amplified separately. The signals coming from the amplifiers are then combined by an output multiplexer, for being transmitted back to the earth. Since the power level of the amplifiers is limited, it is important to maintain the system losses as low as possible. Furthermore, passive devices located at the output stage of the satellite must be able to deal with very high power signals [5] . For these reasons, therefore, the ideal choice for satellite communication payloads [1] , [2] is the waveguide technology.
Several configurations are possible for the implementation of microwave multiplexers [1] , [4] . Some of them make use of hybrids or circulators, which provide a high isolation between filters, resulting in a relatively easy design and tuning process. However, these configurations also have some drawbacks. First of all, the combining elements introduce losses. Furthermore, these devices are quite bulky, which is always an issue for satellite payloads. Manifold-coupled multiplexers, on the other hand, are preferable in terms of both size and performance [6] [7] [8] since they use a simple common waveguide to connect all the filters. Unfortunately, the design and tuning process is complicated by the strong interaction between different channels [6] , [7] , [9] . In fact, to take this interactions into account, the structure must be designed as a whole, which, in turn, involves a huge number of variables to be considered at the same time.
Multiplexers have been conventionally designed using analytical models for the channel filters [7] , [10] . However, these analytical models do not take into account all relevant electromagnetic effects occurring in the real structure, and normally lead to an inaccurate definition of the starting point in the electromagnetic (EM) analysis. As a result, a cumbersome and time-consuming optimization carefully supervised by a skilled designer is commonly required. In order to achieve a more realistic prototype, hybrid procedures have been introduced, where some parts of the structure are replaced with full-wave EM models [11] [12] [13] . Alternatively, space-mapping techniques (linking circuital models with full-wave EM simulations) have also been applied to refine each individual filter of the multiplexer [6] , [14] [15] [16] . Some techniques have also been developed to accurately model the manifold T-junctions [17] , to obtain a good starting point for the manifold dimensions in 0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
the circuit model [18] , or to flexibly increase the number of channels in an already designed multiplexer [19] . In the last years, some works related to the design of multiplexers with moderate bandwidths have been reported, where complex models for the channel filters were employed, together with simple models for the manifold [20] . However, the wideband case has only been considered for filters, and not for entire multiplexers, where an increased bandwidth entails a much more complex design due to the interactions. In [21] , a modified structure for the channel filters has been proposed, which is able to compensate spurious occurring in the manifold, but it also entails an increased filter size.
In [22] , a new procedure to design conventional manifold multiplexers with narrow-band dual-mode filters was outlined. It exploited a distributed model of the complete multiplexer conceived for this particular geometry. This paper extends the previous idea, and provides a unifying technique valid for general multiplexers with filters based on transmission-line resonators. This generalization is accomplished by broadening the classic concept of distributed model into a multimode distributed model, thus being able to consider more accessible modes per waveguide section, including also nonpropagating modes if needed.
The proposed procedure is based on a low-order multimode distributed model of the entire multiplexer, capable of incorporating all essential high-order effects. The behavior of a distributed multimode model can be very close to the one of the real structure, provided that only the relevant EM modes of the component parts are properly included in the model. As a result, an excellent tradeoff between numerical efficiency and computational accuracy can be obtained. The proposed technique exploits the fast low-order distributed (multimode) model for carrying out a systematic design procedure with several welldefined steps, involving a limited number of design variables. When this half-way model satisfies the required specifications, it is transformed into the more precise full-wave EM model. Due to the accuracy of the low-order model, the response of the initial structure will already be very close to the desired one. As a result, only a final EM refinement will be needed to successfully complete the design task.
To prove the effectiveness of the technique, we first describe in this paper the design of classic multiplexers with dual-mode filters [20] . Furthermore, the design of a nonconventional tuningless multiplexer covering a very wide frequency range (fractional bandwidth of about 30%) is also discussed, including a comparison between computed and measured performance. This paper is organized as follows. Section II explains the proposed design technique for general manifold-coupled multiplexers using waveguide technology. Section III applies the proposed technique to the design of classic manifold multiplexers with circular-waveguide dual-mode (CWDM) filters. Section IV deals with the design of a wideband tuningless multiplexer for measuring passive intermodulation (PIM) effects at K-band. The main conclusions are finally outlined in Section V.
II. DESIGN METHODOLOGY
In this section, we describe the general method to design a manifold-coupled multiplexer in waveguide technology making use of generalized low-order distributed models. The design technique is very general, and can be applied to multiplexers with a wide variety of filter structures. The only requirement is that it must be possible to represent all channel filters, and all other required elements, by means of distributed models. This is indeed the case for many different types of microwave filters, which use lengths of uniform waveguides as resonators.
A. Distributed Model Choice and Initialization
A (multimode) distributed model can be defined as any model that uses transmission lines (modes) and takes into account the most relevant electromagnetic features of the real structure. Fig. 1 shows a diagram of the distributed model of a general manifold multiplexer. The T-junctions are usually simulated with a full-wave EM solver. They must be simulated only once since their dimensions will not change during the design process. The waveguide sections along the manifold, and the ones connecting the manifold with the filters, can also be simulated with an EM solver, or alternatively modeled with an equivalent circuit. The number of connecting modes used for the equivalent network representation of such elements must be suitably chosen to include all the relevant interactions. Finally, the channel filters are represented with generalized low-order distributed models adapted to each particular filter structure.
The procedure starts with the design of the distributed model of each channel filter. At this point, the filters are considered isolated, and each of them is designed to comply with the frequency specifications of the corresponding channel.
The next step is to connect the distributed model of the filters to the manifold, thereby obtaining a structure like the one shown in Fig. 1 . As explained in [6] , the initial spacings between -plane or -plane junctions must be normally set at , where is as low as possible in order to achieve a compact design and to minimize undesired resonances. The spacing between the last junction and the short circuit is for -plane and for -plane. The stub lengths between the filters and the T-junctions are also initialized at .
B. Optimization of the Distributed Model
Even though the single filters have a compliant response in isolation, when they are put together with the manifold to form the multiplexer, their responses will change due to interactions between the different channels. Indeed, the performance of this initial multiplexer will probably be quite far from the desired one. In order to achieve a good response, an optimization over the distributed model needs to be performed. The optimization process to be followed can be summarized as follows.
1) Optimize the lengths of the transmission lines placed between the T-junctions, and between the short-circuit and the last T-junction. 2) Optimize the length of the transmission lines between the T-junctions and the filters. 3) Optimize all the transmission lines together (between T-junctions and between T-junctions and filters). 4) Optimize the first three or four parameters of each filter.
The stub length connecting the filter to the manifold can be also included. This is done with each filter separately. The previous steps must be repeated until the desired response is reached. After the first round, more parameters may be included in the filter optimization, especially when dealing with contiguous multiplexers. After the second round, the length of the lines (manifold and stubs) change very little so that the corresponding steps can be avoided, thus focusing only on the filters. Normally, two or three rounds are enough to achieve a good response.
C. Transformation to the Full-Wave EM Model
Once the generalized distributed model of the multiplexer has been synthesized, it must be transformed into the corresponding full-wave EM model. This more precise model will take into account some features of the real structure not considered by the distributed model, such as the complete set of high-order modes generated in some parts of the physical device. Nevertheless, since the major effects have already been included in the loworder model, the initial point of the full-wave EM model will be rather good, and a slight refinement will be usually enough to achieve the required frequency response.
III. DESIGN OF MANIFOLD MULTIPLEXERS WITH DUAL-MODE FILTERS
The general design methodology explained in Section II is going to be specialized to the design of manifold multiplexers with CWDM filters. These filters are widely used as channel filters in satellite communications due to the compact size, high unloaded quality factor, and flexibility for realizing various required cross-couplings [1] , [10] , [23] . As an example, the design process will be first explained with a ten-channel -plane noncontiguous multiplexer with four-pole CWDM filters. Finally, the technique will also be used to design a contiguous eight-channel multiplexer.
A. Multiplexer With Lumped Element Models of the Filters
The structure of the CWDM filter considered is shown in Fig. 2 . First, the lumped element model of each filter is designed for obtaining the desired ideal response of the corresponding channel. The lumped element model is composed of LC resonators and ideal inverters to model the couplings (whose values are derived from the corresponding coupling matrix elements). The coupling matrix is synthesized as doubly terminated since the design example is noncontiguous.
Once all the lumped element models of the filters are obtained, they must be connected to the manifold. Fig. 3 shows a simplified diagram of the multiplexer structure with the lumped element model for each filter. As it is usual, the transmission lines in the manifold are initialized considering a value of so all the spacings (both between T-junctions and between T-junctions and filters) are set to . Since the transmission lines in the manifold are long enough to attenuate high-order EM modes, only the fundamental mode is considered for the distributed model. These waveguides are modeled with an equivalent -network including their distributed behavior, while the T-junctions are simulated electromagnetically and their S-parameters (for the fundamental mode) are introduced in the circuit. The initial response of the resulting model of the multiplexer is shown in Fig. 4 . As can be seen, its response is still quite far away from the desired one.
The next step is to perform an optimization of the previous model of the multiplexer, following the general optimization algorithm described in Section II. This step will be very fast because it is applied over a circuit model. The optimized response of the lumped element model is shown in Fig. 5 . 
B. Multiplexer With the Distributed Model of the Filters
Next, the previously optimized lumped element model of the filters must be replaced with their distributed counterparts, thus obtaining the structure shown in Fig. 6 .
Each LC lumped resonator is replaced by a transmission line (divided into two sections) of length (for dual-mode filters) (1) where is the resonant frequency and is the guide wavelength of the mode used to implement the resonator. Note that, since the lumped element model of each channel filter has been optimized, they are now asynchronously tuned (i.e., the resonators inside each filter resonate at different frequencies). Therefore, the length of the transmission lines will also be different. On the other hand, the inverter values can be easily obtained by using the simple expressions compiled in [24] . However, in this case, since asynchronous resonators are considered, they must be suitably modified. The new inverter values are now
where is the corresponding inverter value in the lumped element model (after optimization), and is the guide-wavelength fractional bandwidth of the th resonator (using instead of ). In the proposed design example, the mode is employed. These filters can be properly represented by a distributed model including only the propagating modes, which considers one accessible mode in the input/output ports, and the two degenerate modes inside each resonant cavity.
After substituting the lumped model of the filters by their distributed models, if the channel fractional bandwidths are small (e.g., less than 1%, like in the case here considered), the response of the new distributed model of the multiplexer will be practically the same as the response of the lumped element model so no further optimization will be required. For filters with wider bandwidths, a slight optimization may be necessary.
Note that, in this case, we have chosen to optimize the multiplexer with the lumped element model of the filters, and then transform each channel to the corresponding distributed model. However, it would be equally valid to carry out the transformation from lumped to distributed models before the optimization. In any case, the key point here is to obtain a distributed model of the multiplexer complying with the specifications, which is more similar to the real structure, and therefore can be more rapidly transformed into the actual physical dimensions.
C. Extraction of Physical Dimensions
From the optimized distributed model of the entire multiplexer, the physical dimensions of the dual-mode filters can be obtained following the design process described in [24] . In this case, the cavity radius of the filters must be chosen to avoid unwanted resonances in the bandwidth of the whole multiplexer. Note also that now the response for the filters will not be symmetric.
The spacings between T-junctions, and between the last T-junction and the short circuit, are the same as the ones obtained with the distributed model of the multiplexer. The spacings between junctions and filters, on the other hand, must be changed to take into account the effect of the input iris of each filter. The loading effect introduced by the iris in the input-waveguide side must be compensated by subtracting its corresponding phase shift to the electrical length of the stub obtained in the distributed model. By considering, therefore, the stub-filter combination, both distributed model and EM model are exactly equivalent. The required formulation to calculate this phase shift is also detailed in [24] .
Once all dimensions of the filters and the stubs have been computed, they can be assembled together to create the multiplexer. After that, the EM model of the multiplexer gives the response shown in Fig. 7 . As can be seen, the initial response is quite close to the ideal one, and it can be easily optimized to achieve the desired final response. Although the optimization is made using an accurate EM model, it does not take a long time since the starting point is already very good. For verification purposes, we have made use of an available commercial solver (FEST3D [25] ), even though any other full-wave EM solver capable to simulate the considered structures could have been used instead. The structure of the designed multiplexer can be seen in Fig. 8 .
D. Design of a Contiguous Channel Multiplexer
The same technique explained previously can also be applied to design manifold multiplexers with CWDM filters with very closely allocated channels. However, some modifications are needed in order to achieve a more efficient design algorithm.
As pointed out in [6] , although it is possible to design contiguous channel multiplexers starting from doubly terminated filters, a much closer starting point will be achieved if singly terminated networks are considered for the lumped element models. Once the lumped element model of the individual singly terminated filters have been synthesized, they are connected to the manifold to form the multiplexer. In this case, since the interactions between channels are stronger, due to a smaller frequency separation, it may be necessary to include more parameters of the filters (commonly the first five or six) in the optimization of the multiplexer with their lumped element models. The rest of the process is exactly the same as it has been described for the noncontiguous case. An eight-channel contiguous multiplexer has been designed following this approach. The final optimized full-wave EM response is shown in Fig. 9 .
IV. DESIGN OF A TUNINGLESS WIDEBAND MULTIPLEXER WITH RECTANGULAR-WAVEGUIDE FILTERS
The multiplexer configuration studied in Section III is normally used for moderate bandwidths, which is indeed the typical case in satellite communications. As a result, the waveguide sections connected to the T-junctions are long, and a distributed model considering only the propagating modes is normally accurate enough.
However, as the multiplexer bandwidth increases, the problems associated with the manifold spurious gain importance. The way to minimize these problems is to maintain the manifold lengths, and also the stub lengths for connecting the filters to the manifold, as short as possible. However, if the lengths of the transmission lines connected to the T-junctions are very small, a new problem arises. The high-order EM modes generated in each step (T-junctions and input irises of the channel filters) are not totally attenuated, and interact with adjacent steps. That means that if the distributed model only considers the propagating modes, some important information is lost, which would lead to an inaccurate starting point when transforming the distributed model into the full-wave EM model. A classic distributed model, as the one employed in Section III, is essentially equivalent to what is provided by a modal-based analysis tool considering only the propagating modes of the waveguide sections as accessible modes. For a broadband multiplexer, this is not good enough. However, we can extend this model by simply increasing the number of accessible modes included in the equivalent network representation. Normally, considering just very few modes, we will be able to build a low-order multimode distributed model, which represents accurately enough all the needed first-order information while maintaining low CPU computational efforts. The resulting low-order distributed multimode model will therefore be the key element to perform a fast translation from the circuit parameters providing the desired response to the physical dimensions, which is indeed the most time-consuming part of a manifold multiplexer design.
In this section, the design of a wideband manifold multiplexer is described. The final design is employed in a test bed for measuring PIM effects at the European High Power RF Space Laboratory. 1 The multiplexer is composed of six noncontiguous channels. The first five channels have a bandwidth of 420 MHz and are centered at 18.10, 18.69, 19.28, 19.87, and 20.46 GHz, respectively. The sixth channel has a wider bandwidth of 1.4 GHz and is centered at 23.4 GHz. The relative bandwidth of the multiplexer is, therefore, about 30%. In addition, the hardware must be tuningless for avoiding PIM, and provide a return loss greater than 20 dB.
A. Geometrical Description of the Multiplexer
In order to design a tuningless multiplexer it is essential to conceive a geometrical configuration, which can be accurately simulated. Otherwise, the design inaccuracies combined with typical manufacturing tolerances will not allow to meet the specifications. For this particular multiplexer, we looked for a constant-width structure composed of simple elements. This type of structures can exploit the speed and extremely high accuracy of 2-D modal analysis tools.
For channels 1-5, it was decided to use a recently presented configuration of waveguide filters, which are called hybrid folded rectangular waveguide (HFRW) filters [26] . In addition to being a constant width and easy to simulate, this new configuration is also low PIM, quite compact, and allows fot the inclusion of transmission zeros. In this multiplexer, four-pole HFRW filters with -mode resonators and two transmission zeros have been considered (see Fig. 10 ). With a proper placement of the capacitive windows between vertically stacked resonators, a part of the resonator also behaves as a short-circuited stub providing a transmission zero at the desired frequency. In contrast to extracted-pole filters, the regions of the structure implementing the transmission zeros are included in the resonant nodes, and therefore do not require additional space.
The last channel was implemented using a fifth-order inline rectangular waveguide filter with capacitive irises. The manifold sections and the stubs connecting the filters to the manifold have also the same width of the individual filters.
During the design procedure of the low-order distributed model, some spikes appeared in the band of the last filter centered at 23.4 GHz. They were related to strong interferences with channel 1 and 2 filters. The use of resonators to shift such interactions to higher frequencies was not possible due to an unacceptable twofold increase in sensitivity to manufacturing tolerances. Instead, the width of some regions of such filters were increased to achieve such a goal. Although the resulting structure was not uniform in width anymore, it could still be decomposed in constant-width blocks easily amenable to accurate EM analysis.
B. Design of the Low-Order EM Distributed Model
The first step is to design the low-order EM distributed model of the six individual channel filters. The design procedure for filters 1-5 can be found in [26] . Once the isolated filters have been designed, they must be connected to the manifold. The initial multiplexer structure is similar to the one depicted in Fig. 1 , but considering a low-order EM distributed model of all the elements (T-junctions, waveguides, and filters). We have used the FEST3D [25] modal analysis tool to perform the optimization, with a maximum number of five accessible modes (and the remaining modal parameters reduced accordingly), to ensure an adequate precision while allowing fast simulations.
In order to avoid unwanted resonances, the length of the interconnecting waveguide sections must be kept small. Following [9] , a direct connection (i.e., without using stubs) of the filters to the manifold was first attempted. However, a pair of resonances appeared around the last channel, which could not be moved simultaneously out of the band of interest. Some waveguide sections connecting adjacent T-junctions were too long, and they could not be shortened due to the reduction of the degrees of freedom related to the lack of stubs.
The use of stubs for connecting the filters can therefore be advantageous for the manifold design. However, the stubs must be very short to avoid unwanted effects (corresponding to a rapid variation with frequency of the channel impedance observed from the manifold). As a result, the transmission lines between the T-junctions, between the last T-junction and the short circuit, and between the T-junctions and the filters were all initialized to a value of 2 mm. This is an appropriate choice for being short to limit spurious spikes, for being close to a suggested starting point of ( ), and for allowing at the same time a certain optimization capacity towards both upper and lower values. The initial response of the low-order EM distributed model of the multiplexer is shown in Fig. 11 . As it happened in the previous examples, although the response of the isolated filters comply with the specifications, interactions between channels cause a severe degradation in the global response. Note also the spurious resonance at about 24.5 GHz placed just outside of the multiplexer band.
The initial low-order multimode model was optimized following the procedure explained in Section II. Due to the high computational efficiency of the low-order distributed model, this step was successfully completed in a short time. After the optimization, the multiplexer has the response shown in Fig. 12 . The ripple lobes, which resulted to be more sensitive in a tolerance analysis, were designed with lower return-loss levels, in order to ensure a properly manufactured multiplexer. This is the reason why, as it can be appreciated in Fig. 12 , the return-loss level of the filters is not homogeneous.
C. Transformation to the Full-Wave EM Model
Once the low-order EM distributed model provides an adequate response, the number of EM modes in the structure is significantly increased in order to guarantee an accurate full-wave simulation of the real multiplexer. Following a similar procedure to the one carried out for multiplexers with CWDM filters (see Section III-C), the optimized low-order model is exploited to obtain improved initial dimensions of the full-wave EM model.
1) The design variable governing each coupling element is adjusted to provide the same coupling coefficient obtained in the optimized low-order model (i.e., with a reduced number of modes) at the central frequency of the corresponding filter. 2) The differences between both models in the input phase of the first coupling element of each filter are used to readjust the length of the interconnecting stubs to the manifold, as already described in Section III-C. 3) The design variable controlling each filter cavity is tuned to match the resonant frequency of the same cavity from the low-order model by using the group-delay method [24] .
It is important to terminate the resonant cavity with the new input and output coupling elements derived in 1) to properly take into account the loading effect. The remaining dimensions are kept unchanged, including the length of the stubs controlling the transmission zeros of the channel filters (since the shift in the frequency position of the transmission zeros between both models was negligible). After applying this procedure, which allows us to go from the low-order to the full-wave EM model without resorting to models with intermediate accuracy, the response shown in Fig. 13 is obtained.
One of the advantages of low-order distributed models is the flexibility of choosing a suitable tradeoff between model accuracy and simulation time for a particular structure. In our case, we found that a low-order distributed model with up to five accessible modes provides a fair level of accuracy and is also very fast. As a result, the deterioration of the response shown in Fig. 13 is not very important. However, the simulation time of the full-wave EM model was more than 100 times higher than the low-order distributed model. This proves that, with a proper choice of the number of modes in the low-order distributed model, all the relevant information can be included without paying the cost of very expensive simulations. The final step is to perform a last optimization of the fullwave EM model. Due to the excellent point already obtained (see Fig. 13 ), the multiplexer design is almost done, and different type of strategies can be successfully applied to complete the design. However, due to the geometrical properties of the structure already discussed in Section IV-A, we opted to carry out this optimization acting directly on each filter sequentially and then perform a final refinement of all the filters simultaneously. The optimization of the full-wave EM model was, in any case, quite fast, as the number of required EM analysis iterations was low.
A high-pass filter, which consists of a simple bent rectangular waveguide section with reduced width, was also connected to the sixth channel filter. The final structure is shown in Fig. 14 . It can be observed that some of the channel filters have been bent to reduce the overall size and the layout of the component, and simultaneously allow a proper arrangement of the channel filters, providing enough separation for thermal performance. The final full-wave EM response of the optimized structure can be seen in Fig. 15 .
D. Fabrication and Measurements
The wide band multiplexer was then manufactured (see Fig. 16 ). The measured response is shown in Fig. 17 . As can be appreciated, the final response fulfills the specifications and is very close to the simulated one. The return loss was higher than 21.6 dB for all channel filters, and the frequency shift was only about 10 MHz without making use of any tuning element. These differences can be attributed to manufacturing tolerances. The insertion losses of the input channels were between 0.4 and 0.6 dB at the central frequency of the filters, which agrees with the expected attenuation for a component manufactured on bare aluminum. The component is currently being used for several test applications.
V. CONCLUSION
A new design procedure for waveguide manifold-coupled multiplexers has been presented, where low-order EM distributed models of the different parts of the structure are employed. A generalized multimode distributed model can, in fact, be built to include all major EM interaction effects of a particular structure, providing a good tradeoff between efficiency and accuracy. This procedure moves most of the computational work towards the fast distributed model, and provides an excellent starting point for the full-wave EM model in a very short time. From this starting point, the design can be successfully completed after a straightforward optimization process.
The proposed design technique can be applied to both contiguous and noncontiguous multiplexers, covering not only the classic narrowband case, but also nonconventional wideband configurations. The only requirement is that it must be possible to represent the channel filters by generalized multimode distributed models, which means that the resonators must be composed of lengths of uniform waveguides.
The full design process has been thoroughly explained, starting from the multiplexer specifications and ending with the extraction of the physical dimensions. The procedure has been specialized for multiplexers with CWDM filters, providing design examples corresponding to two multiplexers with ten noncontiguous channels and eight contiguous channels, respectively. In both cases, very good results were obtained with a modest computational effort.
Following the same methodology, a wideband multiplexer with six rectangular waveguide channel filters was also designed. It was required a tuningless design to avoid high power issues. Therefore, a very accurate design was needed. In this case, since short manifold transmission lines were employed in order to minimize the spurious in the whole multiplexer bandwidth, it was necessary to include nonpropagating EM modes in the distributed model. The starting point of the full-wave EM model obtained was very close to the desired one so that only a small final refinement was required. The designed multiplexer was manufactured and measured, obtaining a response very close to the simulated one, thereby validating the proposed design procedure. spent a short stay with the Universita degli Studi di Pavia, Pavia, Italy, as a Visiting Scientific. His current research interests include the areas of computer-aided techniques for analysis of microwave and millimeter-wave passive components for space applications, waveguides and cavities structures including dielectric objects, electromagnetic bandgap structures, frequency-selective surfaces, and nonlinear phenomena appearing in power microwave subsystems and particle accelerators (multipactor effect, corona effect, and passive intermodulation phenomena).
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